Hypersonic vehicles with single-stage-to-orbit (SSTO) capability present a major design challenge. Such vehicles reflect highly integrated airframe and propulsion systems and are also known to exhibit a large degree of interaction between the airframe and engine dynamics. Consequently, even simplified hypersonic models are characterized by tightly coupled nonlinear equations of motion. The vehicle's overall mission performance is a function of its subsystem efficiencies, including structural, aerodynamic, propulsive, and operational. Further, all subsystem efficiencies are interrelated (hence, independent optimization of the subsystems likely will not lead to the optimum design). A standard indicator of overall mission performance is the maximum payload that can be taken into orbit. Trajectory optimization is the basic tool used to determine the flight path that will yield maximum weight to orbit for a specified vehicle and mission. Using an existing generic hypersonic model, previous efforts on this topic include solving a minimumfuel trajectory for orbit injection; evaluating the performance loss due to heating constraints placed on the vehicle; and performing a trade analysis to determine the sensitivities between subsystem efficiencies and mission performance. The emphasis in this paper is to expand on the existing generic hypersonic model to include the significant aeropropulsive interactions characteristic of this class of vehicle. As will be seen, the propulsive characteristics of the model vary with angle of attack. After detailing each new aerodynamic and propulsive coupling term to be added to the model, a static fueloptimum climb analysis is then performed These results will serve to illustrate the effect of engine/airframe dynamic coupling--namely the angle of attackdependence--on mission performance.
Earth's rate of rotation
Introduction
A possible next-generation launch vehicle will be a fully reusable, single-stage-to-orbit, manned aerospacecraft. Such vehicles will most likely use liquid hydrogen fuel, be 100 to 150 feet in length, and weigh approximately 300,000 lbs. They should be capable of horizontal takeoff and landing, accelerating to Mach 25 on orbit, as well as cruising at Mach 5 to 15 in the upper atmosphere. In order to meet the above stated mission requirements, the vehicle must utilize an air-breathing propulsion system for much of its trajectory, to avoid the weight penalty of carrying the oxidizer on board. The untested air-breathing SCRAMjet engine will likely be the primary propulsive system. To obtain maximum propulsive efficiency, the SCRAMjet engine must be operated at a high dynamic pressure. However, since aerodynamic heating and drag also increase with dynamic pressure, the benefits of high propulsive efficiency must be balanced against temperature and structural constraints. Propulsive variables such as thrust and fuel flow vary with Mach number and altitude, so propulsive efficiency will depend on the vehicle trajectory. Similarly, both aerodynamic forces and heating are functions of Mach number and altitude, thus aerodynamic efficiency and structural design requirements (e.g., the amount of aerodynamic heating the structure can withstand) are trajectory-dependent as well. And as mentioned above, a high degree of coupling exists between the airframe and engine dynamics of most hypersonic SCRAMjet designs. For the above reasons, it is likely that independent subsystem optimization will not lead to the optimal integrated system.
In this paper the mission phase of interest is the airbreathing (SCRAMjet-powered) phase. The basic geometry of a generic hypersonic lifting body is shown in Figure 1 . The configuration consists of a forebody/engine inlet, internal engine module, and afterbody/exhaust nozzle.
This simple design exhibits significant aeropropulsive interaction effects. The ambient air is compressed by the forebody, likely through a series of shocks, before it enters the engine. As a result, the properties of the air into the combustor--and thus the overall engine performance--are strong functions of both the forebody geometry and vehicle attitude dynamics (i.e., angle of attack). Also, the exhaust plume affects the pressure distribution, and therefore the lift, on the afterbody surface. Once these interaction effects are included in the aerodynamic and propulsive characteristics of the model, performing a trajectory optimization can determine not only the influence of such interactions on the vehicle's mission performance, but specifically which interactions are the major players. In the following analysis, several aeropropulsive interaction effects are considered, each of which is detailed graphically. Then, by means of an energy height analysis, a minimum-fuel trajectory is determined for two cases: one which includes the angle of attack-dependence of the propulsive characteristics, and one which assumes the propulsive forces to be constant with angle of attack. The following is a preliminary version of this paper. Additional trajectory optimization work is underway, and interested readers should contact the authors for an updated version of the paper.
Vehicle Model
The complete aerodynamic and propulsive characteristics of the previous model are detailed in [1] . Three major aeropropulsive interaction effects have been included in the present model. They are:
--effect of angle of attack on engine inlet conditions; --downward force on the engine inlet as the flow turns into the engine; --pressure distribution on the afterbody surface due to exhaust plume.
It should be noted that for the purposes of calculating the aerodynamic and propulsive forces, a few simplifying assumptions have been made to the vehicle in Figure 1 . The forebody and aftbody are each assumed to be composed of a single panel, with forebody and aftbody angle denoted τ 1 and τ 2 , respectively. Also, the lower portion of the vehicle is assumed to come to a point at the apex.
Aerodynamic Characteristics
The surface pressure on the forebody, using Newtonian theory, is
and on the upper surface p us = p • For positive angle of attack, the additional pressure due to expansion around the upper surface is assumed negligible. However, at negative angle of attack both the forebody and upper surface act as compression surfaces, and the total upper surface pressure distribution is then p us = p • +q • (1-cos 2α )
The total lift and drag due to the forebody and upper surface, accounting for profile drag, can then be expressed as L = l 1 W e p fb cos(α + τ 1 ) -l 3 W e p us cosα D = l 1 W e p fb sin(α + τ 1 )
-l 3 W e p us sinα + l 1 W e q • C Do Figure 2 shows the resulting drag polar assuming C Do = .024, as in [2] .
Propulsive Characteristics
The propulsion aspects of the current model are based on the engine analysis in [4] - [6] . Consistent with Newtonian theory [4] , the inlet conditions can be determined from the following,
Using these inlet conditions, a complete stage-by-stage analysis through the engine diffuser, combustor, and nozzle is given in [4] . This yields the necessary engine exit conditions for computing engine thrust and exhaust plume pressure force on the aftbody, as well as the fuel flow rate. These quantities are [4 -5] Th = { γ P e M e 2 + P e -γ P 1 M 1 2 + P 1 The engine is assumed to have a variable geometry diffuser which adjusts to deliver a 1-atm pressure into the combustor. The fuel flow rate in the combustor--and thus all engine conditions further downstream--is governed by two limits, a stoichiometric and a choking limit. Thus for given fixed values of A n and A e , the above forces and the fuel flow rate are functions of three variables: freestream Mach no., angle of attack, and altitude.
For the above engine model, Figure 3 shows engine thrust per unit exit area as a function of Mach number and angle of attack at various altitudes. Likewise, Figure 4 shows the behavior of fuel flow rate (normalized by exit area). In addition, Figures 5-7 indicate the significant forces due to the exhaust plume and the turning of the flow, two potentially critical sources of engine/airframe coupling. Forces such as those due to the thrust and exhaust plume are seen to vary significantly with alpha. Both of these forces are driven by pressure and Mach no. into the engine . The values of thrust, turning force, plume force, and fuel flow rate have been fit to polynomial functions. The functions are third-order in Mach no. and angle of attack, and fourth-order in altitude. Alternately, the data can be presented in the form of contours of E/W f as shown in Figure 10 . The dashed lines represent contours of energy height, where
Sketched in the figure is the minimum-fuel path with initial flight condition at Mach=10, h=30,000 ft, and the desired final condition Mach=18, h=60,000 ft. The altitude-Mach no. path to be followed is traced on the figure and is indexed on angle of attack. The fuel consumed during this trajectory is 29,930 lb, and the flight time is 22.6 sec. The trajectory consists of a low-altitude stage with rapid kinetic energy increase (as well as high dynamic pressure and heating rate), followed by a constant energy climb to the final height and Mach no. This is quite contrary to the type of trajectories seen for most conventional aircraft.
Recall from the previous section that one of the major aeropropulsive interactions present in the vehicle is the influence of angle of attack on the vehicle's propulsion aspects. However, because the propulsive characteristics have been modeled using polynomial function approximations, these forces can easily be made independent of angle of attack. The optimization analysis above can then be repeated to determine the effect of the α-dependence on the vehicle's minimum-fuel path. This analysis (displayed in Figure 11 ) results in 12.8% more fuel. In addition, the flight time based on the α-independent analysis increases by 14 sec. Also, the α-independent vehicle is seen to fly at a slightly higher altitude during the "zoom" portion of its trajectory and at higher angles of attack.
Conclusions
In this paper several new aspects have been added to the existing hypersonic model, in order to accurately reflect the aeropropulsive interactions in the vehicle dynamics.
To illustrate one of these interaction effects in particular, a static optimum climb analysis was performed on two different versions of the vehicle: one being the current model, and the other a version for which the influence of angle of attack on the propulsion dynamics was completely unmodeled. In both cases, the resulting trajectory was the "zoom/climb" pattern common to many hypersonic designs. The analysis indicates that the inclusion of the angle of attack dependence (or lack thereof) can have an effect on how the vehicle behaves during an optimum climb trajectory. It remains to be seen, however, if this dependence is a major player in the updated aeropropulsive model in terms of overall mission performance. Much work is still to come in the way of trajectory optimization in which the expanded model will be employed. 
